The aim of this study was to compare the measurement of deuterium oxide ( D 2 O ) directly in pig serum with that in sublimed whole blood. This was to assess whether excluding vacuum sublimation before analysis would cause any significant loss of accuracy in estimates of pig milk intake. Water and serum standards were made in deionized water and serum, respectively, and were assayed with samples under the same conditions on a fixed-filter, infrared spectrophotometer. The mean concentration of D 2 O in sublimed samples was 2,244 mg/mL of body water, and the mean concentration of D 2 O in serum samples was 2,184 mg/mL of body water. The mean ratio of D 2 O concentration in deionized water to the D 2 O concentration in serum was 1.0275, which was used as a correction factor to convert serum D 2 O concentration to D 2 O concentrations in body water. Using this method, the mean concentration of D 2 O in all serum samples was identical to that in sublimed samples (i.e., 2,244 mg/mL of body water). Mean milk intake of pigs based on sublimed samples was 1,006 g/d and that based on serum samples was 1,012 g/d. This confirms that milk intake determined from measurement of D 2 O directly in pig serum is sufficiently precise.
Introduction
Estimating milk consumption of pigs with an isotope-dilution technique is a reliable and accurate method for determining sow milk production (Pettigrew et al., 1985 (Pettigrew et al., , 1987 King et al., 1993; Toner et al., 1996) . Milk intake is determined by injecting pigs with an isotope of water, deuterium oxide ( D 2 O), and then the degree to which total body water is diluted by milk consumption is measured. Losses of body water associated with growth and metabolism are used in the estimation of milk intake.
The first step in determining the concentration of D 2 O in pig blood is to extract the water by vacuum sublimation (Byers, 1979) . However, measurement of D 2 O would be more efficient if it were determined directly in serum because it would reduce costs and labor associated with the sublimation procedure and eliminate errors that may be associated with poor sublimation technique. The measurement of D 2 O in human plasma has been reported; however, the presence of dissolved solids caused values to be underestimated (Blagojevic et al., 1990) . In this report, we describe modifications to the isotopedilution technique for estimating the milk intake of pigs based on the measurement of D 2 O in serum without vacuum sublimation.
Materials and Methods
Animals and Experimental Procedures. Pigs ( n = 66) from nine multiparous sows were used. Milk intake was estimated in pigs aged between 8 and 21 d. Creep feed was not offered to any litters during lactation. Research protocols in this experiment were approved by the University of Minnesota Animal Care Committee.
Milk consumption was estimated using a variation of the isotope-dilution procedure described by Dove and Freer (1979) and Pettigrew et al. (1987) . Immediately after the pigs had suckled, they were separated from their dams and weighed to the nearest 10 g. After 45 min of feed deprivation to standardize gut fill, pigs were injected i.m. with D 2 O (99.9%; Cambridge Isotope Laboratories, Andover, MA) at a rate of 2.0 g/kg of live weight. The syringe and needle were weighed to four decimal places before and after injection to measure the amount of D 2 O injected. After 60 min to allow D 2 O to equilibrate with body water, pigs were bled via puncture of the external jugular vein. Portions of the blood were then transferred into a clot-activator vacutainer and into a vacutainer containing sodium heparin. Pigs were then returned to the sows. At an average of 2.8 (SE .42) d after D 2 O injection, pigs were separated from the sows for 45 min after they were observed to suckle. Another blood sample was then taken and processed in the same manner as before. Milk composition was not determined. The data of Tokach et al. (1992) obtained from sows in the same herd were used in the calculation of pig milk intake.
Blood collected into clot-activator vacutainer tubes was left at room temperature for 30 to 60 min, then centrifuged at 900 × g for 20 min, and the serum transferred into polypropylene tubes and frozen at −24°C. Blood collected into heparinized vacutainers was stored in polypropylene tubes and frozen at −24°C. After thawing, water was collected from whole blood by vacuum sublimation as described by Byers (1979) .
Preparation of Standards and Measurement of D 2 O.
Two sets of standards were prepared, separated into 5-mL aliquots and frozen, and then thawed on the day of use. The first set of standards was made by accurately weighing D 2 O into 10-mL volumetric flasks and diluting to the mark with deionized water ( DIW) . The second set of standards was made by accurately weighing D 2 O into 10-mL volumetric flasks and then diluting to the mark with pig serum that had been pooled from serum collected from pigs that had not been injected with D 2 O. Because the D 2 O was weighed, standards were expressed as micrograms of D 2 O/milliliter of water for standards made in DIW, and micrograms of D 2 O/milliliter of serum for standards made in serum. Water standards, serum standards, and samples were then evaluated under identical conditions.
Analysis. All standards and samples were thawed, mixed well, and brought to room temperature (20°C). Serum standards and serum samples were centrifuged at 1,250 × g for 15 min before analysis to remove any particulate matter. Duplicate samples were used.
Using an autopipette, 700 mL of standards and samples was dispensed into 4-mL conical polystyrene cups (Fisher Scientific, Pittsburgh, PA) that were then loaded into an autoanalyzer tray (Technicon Instruments, Terrytown, NY). Polyvinyl chloride tubing passed through a peristaltic pump (Auto-Analyzer Proportioning Pump; Technicon) and delivered all samples at a rate of .8 mL/min to a Miran 1A fixedfilter, infrared spectrophotometer (The Foxboro Company, East Bridgewater, MA) set at a wavelength of 4 mm. Temperature in the CaF 2 cell was maintained at 30°C at all times using a Polyscience (Niles, IL) temperature-controlled, circulating water bath. Absorbance was transcribed onto a chart recorder, peak heights were measured, and the concentrations of D 2 O were determined from regression equations derived from standards made in DIW and serum. A .3% (wt/ vol) solution of detergent (Brij 35, Sigma Chemical, St. Louis, MO) was added to the flush solution to facilitate sample flow and clear any debris lodged in the line, and a debubbler was installed before the cell.
Calculation of Serum Sample Values.
Because standards and samples were in serum, any effects of the serum matrix on bond angles and the resulting spectrophotometer readings should be standardized between them. The estimates of D 2 O concentration in serum, therefore, are considered unbiased. However, the isotope dilution method for estimating milk consumption requires an estimate of body water (Pettigrew et al., 1987) , not serum volume. Therefore, we estimated D 2 O concentration in body water, which is expressed in weight/volume. No correction would be needed if the serum components other than water had no effect on volume, because in that case 1 mL of serum would contain 1 mL of water, and the denominator of the concentration expression would stay the same. However, if the serum components expand the volume slightly, the water and D 2 O would be diluted on the weight/volume basis, and the D 2 O concentration in serum would be lower than that in water.
An appropriate correction factor for differences in volume was derived within the experiment. Paired samples of body water obtained from blood by vacuum sublimation and serum were obtained from the same pigs at the same time. The mean ratio of D 2 O concentration in water to the concentration in serum was used as the correction factor for calculating D 2 O concentration in body water from the corresponding concentration in serum. That ratio is expected to be slightly greater than 1.000. All D 2 O concentrations in serum, therefore, were adjusted by multiplying by this factor.
Statistical and Data Analysis. The relationship between the concentration of D 2 O determined in sublimed water and that determined in serum was tested with the GLM procedure of SAS (1988) . Homogeneity of regression was tested with the method of Searle (1971) . When heterogeneous regressions occurred, the regression coefficients and their standard errors are reported. Body water turnover and milk intake were calculated for each pig according to methods in Dove and Freer (1979) and King et al. (1993) . Estimates of pig milk intake were then compared between sublimed samples and serum samples using an unpaired t-test assuming unequal variance.
Results and Discussion
Of the 66 comparison pairs of sublimed and serum samples analyzed, 20 pairs were omitted from the final data set for the estimation of pig milk intake. Thirteen of the pairs could not be included in the analysis because one of the D 2 O concentrations at either the beginning or end of the measurement period was missing. Seven paired samples were omitted because the estimated body water content of the pigs was greater than 100%, suggesting leakage of D 2 O from the injection site. Thus, the results presented are for 46 paired comparisons of sublimed and serum samples from which pig milk intake was estimated.
The slope and intercept of D 2 O standards made in DIW were different from those of serum standards ( b = 281.66 ± 1.096 vs 289.98 ± 1.051, P < .001, and a = −4.09 ± 13.280 vs 51.48 ± 11.763, P < .001, for DIW and serum, respectively; Figure 1 ). Serum contains ions and organic molecules that take up space between the water molecules and interact with them. Instead of hydrogen bonding only between H 2 O and D 2 O, it would also occur between D 2 O and the organic molecules and ions present in serum. Some of the D-O bonds would no longer stretch at the same frequency and would not absorb at the infrared wavelength of the spectrophotometer. This is the most likely explanation for the difference in slope and intercept that occurred between standards measured in DIW and serum. We found that NaCl decreased absorbance, but it was parallel to the standard curve in DIW, and bovine serum albumin was without effect. Similarly, there was no apparent effect of hemolysis on the D 2 O readings recorded.
Using fourier transform infrared analysis ( FTIR) , Blagojevic et al. (1990) found significant differences in D 2 O concentrations in human subjects between sublimed samples and those determined directly in plasma. In contrast, Glencross (1995) found excellent agreement ( r 2 = .976) between sublimed water and plasma samples in pig blood using FTIR. Glencross (1995) diluted pig plasma with DIW in a ratio of 1:4 to minimize the influence of interfering substances and, in agreement with the present study, formulated standards in pig plasma rather than DIW. This is because plasma, like serum, contains a lower water content than a sublimed sample and would give a lower D 2 O content reading. This, in turn, would cause a higher estimated percentage body water in the calculation of pig milk intake.
The mean concentration of D 2 O in blood samples collected at the beginning and end of the measurement period was higher ( P < .01) for sublimed samples than that for serum samples (2,244 ± 123.7 vs 2,184 ± 120.4 mg/mL, respectively). Serum samples underestimated sublimed samples by 2.75%. The appropriate correction factor to account for differences in water volume, and hence D 2 O concentrations, between sublimed and serum samples was 1.0275 (i.e., 2,244/ 2,184 = 1.0275). The CV of this mean ratio was 1.7%, and the SE was .0023.
We suspected that some of the differences in measured D 2 O concentrations between sublimed and serum samples was due to the sublimation procedure; incomplete sublimation may reduce the recovery of D 2 O. In a follow-up study, known amounts of D 2 O were added to DIW, and the effect of complete sublimation ( 3 h ) was compared with a shorter sublimation time ( 1 h). With complete sublimation, measurement of the D 2 O content of the sublimed water showed the same concentration as in the original material ( n = 18). With a shorter sublimation time, a mean of 63.6% (range 51.9 to 73.0%) of the original material was sublimed. Measured D 2 O concentration in this sublimed material was 99.6% of the original. This suggests that sublimation for a shorter period of time would not introduce important systematic errors. However, there was still some concern that in live pigs D 2 O may bind differently than H 2 O to proteins and(or) other blood constituents and potentially sublime at different rates. In a second study, two litters of pigs were injected with D 2 O and blood samples taken after equilibration of D 2 O with body water to compare the effect of complete sublimation ( 3 h ) with sublimation for a shorter period of time ( 1 h). There was no difference ( P > .05) in D 2 O concentration between the two sets of samples ( n = 16). These data confirm that differences in sublimation time were not responsible for the differences in D 2 O concentrations between sublimed and serum samples. We suggest that differences between sublimed and serum samples can be attributed solely to interfering substances in serum.
Using the correction factor of 1.0275, the mean concentration for all serum samples was identical to that determined in sublimed samples (2,244 mg/mL; SE = 123.7). Concentrations of D 2 O at the beginning of the measurement period for sublimed water and corrected serum samples were 3,178 mg/mL (SE = 132.8) and 3,179 mg/mL (SE = 133.0; t-test: P = .995), respectively. Corresponding values at the end of the measurement period for sublimed water and corrected serum samples were 1,311 mg/mL (SE = 73.9) and 1,309 mg/mL (SE = 72.8; t-test: P = .988), respectively.
Estimated milk intake of pigs agreed for sublimed and serum samples; intake determined from sublimed samples was 1,006 g/d (SE = 50.0) and intake determined from corrected serum samples was 1,012 g/d (SE = 47.8). Milk intake determined from pig serum overestimated intake determined from sublimed samples by .65%. These estimates of milk intake were in close agreement ( t-test: P = .925), and the slope of the comparison exceeded one (Figure 2) .
Milk intake determined from the direct measurement of D 2 O concentration in serum from pigs is sufficiently precise to negate the need for vacuum sublimation of whole blood for determining D 2 O concentrations in body water of suckling pigs. The correction factor of 1.0275 derived in this study may be used in other experiments because 1 ) it is based on the expansion of serum volume by non-water components such as proteins, which would be expected to be similar across a wide range of pigs consuming milk from sows, and 2 ) it has a CV of 1.7%. The time that the expansion of serum volume, and hence serum composition, may differ is under conditions of severe nutritional stress and(or) under certain disease states, in which case a separate correction factor may be needed.
By linking the fixed-filter infrared spectrophotometer to an autoanalyzer, we were able to process up to 180 samples per working day, and this took into account the time required for sample thawing. Furthermore, the direct measurement of D 2 O in serum should reduce labor and the investment needed for equipment, glassware, and liquid nitrogen normally associated with vacuum sublimation.
Implications
We have described a modification to the isotopedilution technique for estimating milk intake of pigs that negates the need for vacuum sublimation of whole blood. This will expedite processing of samples and reduce labor and processing costs associated with sublimation of whole blood.
